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ABSTRACT

A new spiral-type suspended transformer for silicon
radio frequency integrated circuits (RF ICs) has been
fabricated by surface micromachining technology. The
fabricated transformer on standard silicon substrate has
shown a low insertion loss of 1.9dB at 1GHz by reducing
substrate coupling and ohmic loss using the proposed
MEMS technology. Equivalent circuit models for the
spiral-type suspended transformer have been extracted
shown that

and they agree well with measured

characteristics.
INTRODUCTION

In order to satisfy the demand for low-cost monolithic
RF IC’s, researches have been intensively carried out for
integration of passive components on RF IC’s. This is
(e.g.
transformers) available from conventional silicon IC

because RF passive components inductors,
technologies have poor performance due to substrate loss
from relatively high conductivity in silicon substrate and
the ohmic loss from thin metallization [1]. Recently,
transformers have been required in many RF IC
applications for impedance matching/transforming, signal
coupling, phase splitting (balun), etc [2-5]. However, on-
chip transformers acquired free from the conventional
silicon IC technologies do not meet the requirement from
circuit designers. In order to address this issue, non-
standard substrates such as high-resistivity silicon or
insulating substrates [3], or sometimes with insulation
layers [2], have been used to reduce substrate loss. Also,
special processes of thick Al or Cu metallization have
been used to reduce ohmic loss.

this  paper,
improvement on transformer performance by employing

In we have achieved significant

the metal surface micromachining process previously
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reported by our group [7]. This process provides an air-
gap to the micromachined transformers to significantly
reduce the substrate coupling loss and also utilizes thick
metal layers (>10um) to reduce ohmic loss. We have also
achieved a high magnetic coupling factor (<0.81) in the
fabricated spiral-type transformers.
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Figure 1. Integrated transformer

INTEGRATED TRANSFORMER DESIGN

Transformer as shown in Fig. 1 must transfer the a.c.
signal from the primary coil to the secondary coil without
significant loss. Insertion loss, which is the most
important figure of merit in integrated transformers,
represents how efficiently a signal in the primary coil is
transmitted to the secondary coil. The insertion loss is
determined by metal ohmic loss, substrate dissipation,
and magnetic coupling factor [2-3],[6],[8].

The metal ohmic loss in transformer can be reduced by
Substrate
dissipation can be suppressed by high resistivity substrate
thick layers
transformer and silicon substrate.

thick metal and/or low resistivity metal.

or insulating for isolation between

The magnetic coupling factor, k, is calculated by
following equation:

k — LI‘H

L, L

(1)



removed as well (Fig. 2(f)).
This proposed technology, SMM, can be easily adopted
in the conventional CMOS RF IC’s as post-1C processes

because it can be processed at low temperature (< 120°C).

Fig. 3 shows the SEM picture of the fabricated
transformers. These transformers are non-inverting types
[1] and have a 1:1 turn ratio. The transformer in Fig.3 (a)
is type 1 transformer in Table I and that in Fig. 3(b) is
type 2.

EXPERIMENTAL RESULTS

Table | shows the dimensions of the fabricated
transformers. The definitions of pitch and inner diameter
in Table 1 are shown in Fig. 3(a). S-parameters of the
fabricated transformers have been measured
frequency range from 0.05 to 10GHz by HP8720 network
ananlyzer. Pad parasitic effects are extracted from the

in a

measurement by de-embedding open pads.

Table 1. Dimension of fabricated transformer

Number of L_ine Pitch Inner Diameter
turn width
Type | 4.5 30pm 50um 200pm
Type 2 25 30um 40pm 200pum
Type 3 25 30um S50pm 200um

Fig. 4 shows the measured and modeled characteristics
of the type | transformer in the frequency range from
0.05 to 10GHz, presenting the minimum insertion loss
(S21) of 1.9dB at 1GHz. The S21 in Fig. 4 has a sharp
null around 7GHz. This results from coupling capacitance
between the primary and secondary coils [2],[10].
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Figure 4. Measured and modeled S-parameters of the Type |

transformer
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Figure 6. Measured S21 of the fabricated transformers

Fig. 5 is the equivalent circuit model of fabricated
transformers. L; and L, are leakage inductance of the
primary and secondary coils, respectively. L,, represents
the mutual inductance between the two coils. R,; and R,;
are series resistance of each coil, respectively. C.; and C..
model the coupling capacitance between the primary and
secondary coils. Substrate parasitic effects are modeled
by Covts Coxzs Cairs Rsabts Riup2, and Ryps. Parameter values
in Table II are extracted from the measured data by using
HP-EEsof Libra.

As can be seen in Fig. 4, the proposed equivalent
circuit model fits the measured data very well. Fig. 6
shows the measured S21 parameters of type 1, 2, 3
transformers. The minimum insertion loss of type 2
transformer is 3.5dB at 5.2GHz and that of type 3 is
4.3dB at 3.8GHz. The coupling factors of type 1, 2, and 3
transformers are measured as 0.81, 0.69, and 0.63,
respectively. The values are calculated by equation (1)
and (2) from the extracted parameter values in Table I1.

The minimum insertion loss of type | transformer is
the lowest among other type because the number of turns
of type 1 is large. Also, the insertion loss of type 2 is
lower than that of type 3 because type 2 has shorter pitch
than type 3. Table Il compares the performance of the
various RF integrated transformers fabricated on the



where,

Ly byt Ly Lo=lat L, 2)

{15 the mutual inductance. £, and Ly are primary and
secondary coil inductances, respectively. £; and L- are the

leakage inductance. In order to get a large coupling factor,

leakage inductance must be minimized. This means that
magnetic feakage flux between primary and secondary
turns must be reduced. In practical  transformer
implementation, in¢reasing the number of turns in
transformers and decreasing the space between metal
lings are good methods to achieve a high coupling factor

[6].
FABRICATION

Spiral-type suspended transformers have been fabricated
by using sacrificial metallic motd (SMM) method [7].
The SMM method cmploys thick photoresist (PR)
molding and copper electroplating. Typical conventional
methods to form multi-metal structures use a PR or
polymer mold and electroplating |9].

These methods require to deposit scveral seed layers
for multi-metal structures; therefore, the PR or polymer
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Figure 2. Cross-scotienad view of the fubrication process
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Figure3. SEM photograph of fabricated transformers.

molds for electroplating can be easily deformed due to
thermal stability problem. On the contrary, the SMM
method can easily produce not only a few tens micron
mold for electroplating but alse robust metal Tines of a
few tens of microns in thickness, utilizing the same single
seed layer at the bortom. This is because SMM method
uses a metal mold instead of the PR/polymer meld;
therefore, only one sced fayer is required at the bottom
and thermal stability problem of the mold is diminished.
Figure 2 shows the fabrication process flow for
suspended MEMS transformers. First. sced metal tayer is
deposited on a standard silicon wafer with a resistivity of
1002<¢m, where a Ipm-thick silicon dioxide layer is
grown for isolation between the seed laver and silicon
substrate. Bottom copper electrodes are formed by thick
photoresist (PR) lithography followed by electroplating
{Fig. 2(a)). The post area is defined by the thick PR mold
in Fig. 2(b). and the remaining arca is covered by the
sacrificial metal mold (SMM) made of electroplated Ni
(Iig. 2(c)). During the second PR mold is patterned for
upper clectrodes, the post PR mold is also developed
away (Fig. 2{d)). The posts and the upper electrodes are
farmed by  the copper
electroplating (Fig. 2(¢)). Finally, the PR mold and Ni
SMM are removed selectively, and the sced layer s

simultaneously second



Table 11. Extracted equivalent circuit model parameters of fabricated transformers

Li(nH) | Ly(nH) | La(mH) | Ra(R) | Ra(Q) | Ca(fF) | Co(fF) | Cou(dF) | CoufF) | CufF) | Rupi(Q) | Raun(Q) | Reuns(Q)
Type 1 2.36 2.37 9.8 1.64 1.63 33 202 110 109 168 513 579 87
Type 2 0.76 0.74 1.67 0.92 1.04 2.38 35.5 57.5 57.6 115.4 534 586.5 3977
Type 3 0.99 0.96 1.64 0.96 1.07 2.9 20.1 13.1 10.7 93.3 527 534 3268

Table I11. Performance comparison of the various RF

integrated transformers fabricated on silicon substrate

minimum Dielectric Metal for Substrat
Ref Type insertion material transformer uv. str ate
loss (dB) (thickness) (thickness) resistivity
- 3.22dB at . 2 um with Si
2l Spiral 1.4GHz SI0:06km) 0 030-cm p=15Q-cm
. 5dB polyimide and Al P
3] Spiral at1IGHz | SizN,(>8um) (2.51m) Si, p=2k€-em
. 7dB . Al-Cu Si,
te] Solenoid | 761z $i0,(3pm) (2.7um) p=NA.
Si0,(1pm)
1.9dB
Typel Spiral + Cu (20pm)
at 1IGHz air (251m) p=10Q-cm

silicon substrates. The type 1 transformer reported in this
work shows the best performance in terms of insertion
loss among all the transformers fabricated on silicon
substrate.

CONCLUSIONS

Suspended spiral-type transformers for RF silicon ICs
have been designed and fabricated by using surface
micromachining technology. The proposed fabrication
method allows to build thick metal lines for reducing
ohmic loss and sufficient air gap between the transformer
and silicon substrate for suppressing the substrate
coupling. The fabricated transformers show the minimum
insertion loss of 1.9dB at 1GHz on the standard silicon
This
integration of high-performance transformers on silicon

substrate. technology can allow monolithic
RF ICs as post IC processes at low temperature below

120°C.
ACKNOWLEDGEMENTS

This work has been supported by National Research
Laboratory program from Ministry of Science and
Technology in Korea. The authors would like to thank B.-
G. Kim and S.-I. Chang for taking SEM pictures, and
Prof. S.-C. Hong for supporting HP-EEsof Libra.

REFERENCE
[1] J.-B. Yoon, C.-H. Han, E. Yoon and C.-K. Kim,

“ Monolithic High-Q Overhang Inductors Fabricated on
Silicon and Glass Substrates”, in IEEE IEDM 99, pp.753-
756, Dec. 1999

[2] J. R. Long, “ Monolithic Transformer for Silicon RF IC
Design”, IEEE J. Solid-State Circuits, vol. 35, pp. 1368-
1382, Sep. 2000.

[3] J. Hartung, “Integrated Passive Components in MCM-Si
Technology and their Application in RF-Systems”, in 1998
Int.Conf. on Multichip Modules and High Density
Packaging, pp. 256-261.

[4] Jianjun J. Zhou, David J. Allstot, “Monolithic Transformers
and Their Application in a Differential CMOS RF Low-
Noise Amplifier”, IEEE J. Solid-State Circuits, vol. 33, pp.
2020-2027, Dec. 1998

[5] Ali M. Niknejad, Robert G. Meyer, “Analysis, Design, and
Optimization of Spiral Inductors and Transformers for Si
RF IC’s”, IEEE J. Solid-State Circuits, vol.33, pp. 1470-
1481, No.10, Oct. 1998.

[6] David C. Laney, Lawrence E. Larson, Paul Chan, John

Seshadri Subbanna, Rich

Volant, Michael Case, “ Lateral Microwave Transformers

Malinowski, David harame,
and Inductors Implemented in a Si/SiGe HBT Process”, in
IEEE MTT-S. Dig., pp. 855-858, 1999

[7] J.-B. Yoon, C.-H. Han, E. Yoon and C.-K. Kim, “Monolithic
Integration of 3-D Electoplated Microstructures of
Unlimited Number of Levels Using Planarization With a
Sacrificial Metallic Mold (PSMM)”, in IEEE MEMS *99
Tech. Dig., pp.624-629, Jan. 1999.

[8] Yorgos K. K., Yannis Papananos, “ Systematic Analysis and
Modeling of Integrated Inductors and Transformers in RF
IC Design”, IEEE Trans. Circuits and Systems-1I Analog
and Digital Signal Processing, Vol.47, No.8, pp.699-713,
Aug. 2000

[9] Y.-J, Kim, Mark G. Allen “ Surface Micromachined
Solenoid Inductors for High Frequency Applications” /EEE.
Trans. Components, packaging, and manufacturing Tech.-
Part C, vol.21, No.1, January 1998

[10] G. E. Howard, J. Dai, Y.L. Chow and M.G. Stubbs, “ The

Power Transfer Mechanism of MMIC Spiral Transformers
and Adjacent Spiral inductors”, IEEE MTT-S Digest pp.
1251-1254, 1989.

656



	Acrobat Reader & Search Help
	Copyright & Reprint Permission
	Start Page
	Welcome & About The IEEE MEMS Conference
	Committees
	Industrial Support Group and Exhibitors
	Program Schedule
	Papers
	Author Index
	Keyword Index

